Introduction
Cellulose is a composite polymer of β -1,4 linked glucan chains and is the main load bearing structure of plant cell walls (Jarvis, 2013) . While cellulose is a relatively simple polysaccharide molecule, it's synthesis is quite complex. The principle catalytic unit is a plasma membrane (PM) localized protein-complex referred to as the cellulose synthase complex (CSC) (Davis, 2012) . In plants, the CSC, visualized with freeze fracture microscopy, is a solitary, hexagonal rosette shaped complex (Herth and Weber, 1984; Delmer, 1999) and at least three of the catalytic CELLULOSE SYNTHASE-A (CESA) proteins are required in each CSC for the production of cellulose (Desprez et al., 2007; Persson et al., 2007) . In addition to CESAs, several accessory proteins have been discovered to be necessary for the production and deposition of cellulose, such as KORRIGAN (Lane et al., 2001) , COBRA (Roudier et al., 2005) and CELLULOSE SYNTHASE INTERACTING-1 (CSI1) (Gu et al., 2010) and several others that have yet to be identified. The loss of function in any of the aforementioned proteins causes complete or partial loss of anisotropic growth in cells undergoing expansion resulting in radial swelling. Severe radial swelling in rapidly expanding tissue is also a common symptomology observed in seedlings treated with cellulose biosynthesis inhibitors (CBIs). Therefore, numerous potential herbicidal targets exist (mechanisms of action) for the broad group of known CBIs.
Classification of a herbicide to the CBI designation was traditionally achieved by short-term [ 14 C]radioisotope tracer studies focused on the incorporation of glucose into cellulose (Heim et al., 1990; Sabba and Vaughn, 1999) . More recently, time-lapse confocal microscopy of reporter tagged CESA proteins (Paredez et al., 2006) has been used to further classify CBIs. CBIs can be classified into at least three primary groups based on how treatment disrupts the normal tracking and localization of fluorescently labeled CESAs (reviewed by Brabham and DeBolt, 2013) . The disruption is assumingly the result of the inhibitory mechanism of the CBI. In the first group, isoxaben and numerous other compounds cause YFP:CESAs to be depleted from the PM and concomitantly accumulate in cytosolic vesicles (SmaCCs/MASC) (Paredez et al., 2006; Crowell et al., 2009; Gutierrez et al., 2009 ) The second group, consisting only of dichlobenil (DCB), causes YFP:CESAs to become immobilized and hyper-accumulated at distinct foci in the PM (Herth, 1987; DeBolt et al., 2007b) . The third group influences CSC-microtubule (MT) associated functions resulting in errant movement and localization of YFP:CESAs (DeBolt et al., 2007a; Yoneda et al., 2007) . These different disruption processes suggest each CBI group targets a different aspect of the complex cellulose biosynthetic process.
A lack of evolved weed resistance in the field suggests CBIs are potentially underutilized tools for weed control (Sabba and Vaughn, 1999; Heap, 2014) . CBIs have also been useful research tools in decoding fundamental aspects of cellulose
biosynthesis. An exogenous application of a CBI provides spatial and temporal inhibition of cellulose. Resistance screens to CBIs have uncovered key genes in cellulose biosynthesis (Scheible et al., 2001; Desprez et al., 2002) . Further, CBIs such as isoxaben have also been effective in linking accessory proteins with CESAs in the CSC (Robert et al., 2005; Gu et al., 2010) . Therefore, it is important to extend our range of CBI compounds. Recently, indaziflam (Fig 1A) , a herbicide introduced by Bayer Crop Science, was proposed to be a CBI and reported to have A pI 50 value of 9.4 (Meyer et al., 2009; Dietrich and Laber, 2012) . Indaziflam is labeled for use in turf, perennial crops, and for non-agricultural situations for pre-emergent control of grasses and broadleaf weeds (Meyer et al., 2009; Brosnan et al., 2011) . The aim herein was to investigate indaziflam as a CBI and to characterize its inhibitory effect on cellulose biosynthesis.
Results

Indaziflam Treated Seedlings Exhibit CBI Symptomologies
Dicotyledonous Arabidopsis thaliana L. and monocotyledonous Poa annua L.
were germinated and grown on plates for seven days with various concentrations of indaziflam. Seedlings were grown using either a light (24:0 h light:dark) or dark (0:24 h light:dark) growth regimen to promote root or hypocotyl expansion, respectively. Both P.
annua and Arabidopsis were susceptible to indaziflam and their growth was inhibited in a dose dependent manner (Fig 1B to 1D) 
Indaziflam Inhibits Cellulose Biosynthesis
Classification of a herbicide as a CBI has traditionally been based on inhibition of cellulose synthesis in treated plants (Sabba and Vaughn, 1999) . Cellulose is polymerized from the substrate UDP-glucose by glucosyltransferase CESA proteins (Delmer et al., 1999) and it can be partitioned from other polysaccharides by treatment with nitric-acid. In crude cell wall extracts from the hypocotyl region of five-day-old etiolated Arabidopsis seedlings, indaziflam reduced the amount of nitric-acid insoluble material (considered crystalline cellulose; Updegraff, 1969) (Fig 2A) . (Fig 2B) . Thus, indaziflam inhibited the production of cellulose soon after treatment (< 1 hour) and in a dose dependent manner. This is consistent with inhibition of cellulose biosynthesis as the primary mode of action for indaziflam.
Isoxaben-and Quinoxyphen-Resistant Plants Are Not Cross-Resistant to
Indaziflam
To determine if indaziflam has the same mechanism of action as two other characterized CBIs, we tested if known isoxaben-and quinoxyphen-resistant Arabidopsis mutants were cross-resistant to indaziflam (Fig 3) . The mutants used were independent of MTs (Paredez et al., 2006; DeBolt et al., 2007a) . Thus, a microtubule motor function in propelling CESA particles is unlikely. Rather, the movement of CESA particles has been proposed to be a function of a polymerization force generated by the translocating glucan chain(s) (Diotallevi and Mulder, 2007) . The PM movement of CESA particles in untreated cells was bidirectional with an average velocity of 336 ± 167 nm. min -1 , which is consistent with numerous prior studies (Paredez et al., 2006 , Crowell et al., 2009 Gutierrez et al., 2009; Gu et al., 2010; Bischoff et al., 2009; Li et al., 2012) .
Indaziflam Caused Reduced
After treatment with indaziflam, YFP:CESA6 velocity was reduced to 119±95 nm. min -1 (Fig 5A,B) . Thus, indaziflam reduced CESA particle velocity by 65%, which is consistent with a role in inhibiting polymerization.
With the observed atypical increase in CESA density, we asked whether the rate of coincidence between MT and CESA was altered by indaziflam. In the molecular rail hypothesis proposed by Giddings and Staehelin (1988) , CESA particles are guided by the underlying cortical MTs. The coincidence between PM CESA particles and MTs is normally around 70 to 80% (Paredez et al., 2006; Li et al., 2012) . The average colocalization rate over three experimental runs (total N=544) between YFP:CESA6 particles and RFP:TUA5 after indaziflam treatment was 53±4%. This was considerably less than the 71±1% colocalization rate (total N=303) observed in mock treated cells (summarized in Fig 6, Table 1 ). This disruption in the colocalization between CESAs and MTs was prominent in expanding cells but was less apparent in cells that had undergone expansion further down the hypocotyl (Fig S3) . Thus, the increased CESA density after indaziflam treatment appears to contribute to the decreased colocalization between MT and CESA in the region close to apical hook.
Reduced CESA Velocity After Indaziflam Treatment is CSI1 Independent
A primary linker protein between MTs and CSCs has been identified as CSI1 (Gu et al., 2010; Bringmann et al., 2012; Lei et al., 2012; Li et al., 2012) . In csi1 mutants, CESA particles in the PM were found to display reduced velocity and their association with MTs was completely disrupted (Gu et al., 2010; Li et al., 2012) . Due to this cellular phenotype being similar to what we observed in wild-type seedlings treated with indaziflam, we explored the impact of indaziflam on the behavior of CESA particles in the csi1-3 mutant background.
The velocity of YFP:CESA6 at the PM focal plane in untreated csi1-3 was 236±114 nm. min -1 and, as expected, was slower than that observed in the untreated 1 0
wild-type (336±167 nm. min -1 ) (Fig S4A,B) . However, upon treatment with indaziflam, YFP:CESA6 velocity in csi1-3 was further reduced from 236±114 to 125±102 nm min -1 .
Indaziflam also caused a significant increase in the number of PM localized YFP:CESA6 particles on average to 1.25 particles per μ m -2 in both csi1-3 and wild-type seedlings (Fig S5A,B) . These data suggest the mechanism of action of indaziflam does not depend on a functional CSI1, otherwise the velocity of YFP:CESA6 in the csi1-3 background should not have been altered.
Discussion
Indaziflam caused CBI symptomologies, including radial swelling and ectopic lignification, in both Arabidopsis and P. annua treated seedlings (Fig 1) . Furthermore, indaziflam inhibited the production of cellulose in Arabidopsis seedlings in a dose dependent manner and within one hour of treatment (Fig 2) . Based on these findings, the mode of action of indaziflam is consistent with its classification as a CBI. In characterizing the mechanisms of action of CBIs, it is important to understand the complexity of cellulose biosynthesis. In higher plants, a solitary, hexagonal rosette shaped CSC synthesizes cellulose at the PM (Herth and Weber, 1984; Delmer, 1999) .
Recent data suggests the CSC consists of 18 to 24 catalytic CESA proteins producing a microfibril with a cross sectional area of around 7 nm 2 (Jarvis, 2013) . Moreover, an incomplete but growing list of accessory proteins that are required for the functionality of CSCs may serve as potential CBI targets. Examples of such accessory proteins are KORRIGAN (endo-1,4-β-D-glucanase) (Lane et al., 2001) , COBRA (glycosylphosphatidyl inositol-anchored protein) (Roudier et al., 2006) , and CSI1 (Lei et al., 2011 (Morgan et al., 2013) , both CESAs and CSCs have sufficiently diverged over time so that CBIs do not exhibit activity on bacteria (Tsekos, 1999; Morgan et al., 2013; Sethaphong et al., 2013) . Therefore, determining how a given CBI disrupts cellulose biosynthesis has employed live cell imaging of CESA proteins in the presence of a CBI.
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Through confocal microscopy, we demonstrated that indaziflam caused an atypical increase in CESA particle density and reduced, but not paused, velocity at the PM focal plane (Fig 4 and Fig 5) . Indaziflam is clearly different from the CBIs quinoxyphen, isoxaben, and thaxtomin-A, which all induce a rapid clearance of CESA particles from the PM focal plane (Paredez et al., 2006; Bischoff et al., 2009; Harris et al., 2012) . This corroborates our findings of a lack of cross-resistance to indaziflam in isoxaben-or quinoxyphen-resistant mutants (Fig 3) . Similarly, morlin and cobteron suggesting the inhibitory mechanism of indaziflam was independent of CSI1 ( Fig S2, Fig   S3 and Fig S4) . Thus, the inhibitory mechanism of indaziflam does not mimic any prior characterized CBI or genetic lesion.
To date there has yet to be any reported cases of weed species that have evolved field resistance to CBIs (Heap, 2014 (Scheible et al., 2001; Desprez et al., 2002; Harris et al., 2012) and each point mutation was associated with a fitness penalty. Furthermore, plant cells can be habituated to a lethal dose of CBIs by significantly alternating their cell wall composition (Diaz-Cacho et al., 1999; Melida et al., 2010) . It is yet to be seen whether the mechanism for in vitro CBI habituation observed in the cell culture system could be mimicked in a developmentally complex multicellular organisms, like a plant, to confer resistance. In lieu of this data, indaziflam is a potent herbicide used at low rates, has long soil residual activity, and has broadspectrum activity on seedlings with type I (eudicots) or type II (Poaceae) cell walls, which is not the case for isoxaben. These properties could result in over reliance on indaziflam alone resulting in an increased selection pressure for indaziflam-resistant weeds. If resistance is managed, indaziflam has the potential to be a valuable alternative mode of action for weed management.
Materials and Methods
Indaziflam Dose Response and Cross Resistance.
All Arabidopsis thaliana seedlings were grown vertically on half-Murashige and Skoog pM and the DMSO concentration in agar media never exceeded more than 0.01% v/v.
Poa treatments were indaziflam at 0, 100, 250, 500, 1,000, 5,000 and 10,000 pM in water. A total of 20 hypocotyl or root lengths from each Arabidopsis line and 12 Poa roots were measured seven days after treatment. Experiments were replicated in time, thrice. Length data was standardized to percent of the untreated control in each experiment. Percentage data was analyzed in R using the drc package to determine and compare GR 50 values (Growth Reduction by 50%) (Knezevic et al. 2007 ).
Cellulose Assay and Lignin Staining.
Cellulose content in the hypocotyl region of five-day-old dark grown Arabidopsis seedlings was determined by boiling 5 mg dry weight of plant in nitric acetic acid (Updegraff, 1969) . Treatments were indaziflam at 0, 200 or 400 pM. The insoluble material was quantified colorimetrically for glucose content using the anthrone-sulphuric acid method and back calculated to cellulose (Scott Jr. and Melvin, 1953) . For lignin staining, 7-day-old light grown seedlings were incubated in ethanol (70%) for 24 hours followed by 30 minutes in a 2% w/v phloroglucinol solution (20% hydrochloric acid).
Images were taken with a bright-field stereomicroscope. http://rsbweb.nih.gov/ij/), and Imaris (Bitplane, Saint Paul, MN) software. to isoxaben and cesa1 ageusus is resistant to quinoxyphen. The curves and GR 50 values (growth reduction by 50%) were generated by R using the 'drc' package and asterisks indicates a significant difference (N = 60; p < 0.05) in the GR 50 values between mutant and the wild-type. Indaziflam treatment decreased the net colocalization between microtubules and YFP-CESA6 at the PM. Arabidopsis seedlings expressing both RFP-TUA5 and YFP-CESA6 in prc1-1 were grown in the dark for three days before imaging. Representative single optical sections (monochrome) of cortical microtubules labeled by RFP-TUA5 (magenta) and PM-localized YFP-CESA6 (green) were used for the colocalization analysis (Table 1) . After 2 h in 0.01% the DMSO mock, 71 ± 1% of YFP-CESA6 particles were coaligned with microtubules, which was not different than the ratio without any treatment . After 2 h in 500 nM indaziflam, the colocalization ratio between YFP-CESA6 and RFP-TUA5 decreased to 53 ± 4%, which is not significantly different from the expected random ratio association of 47 ± 10%. Bars = 5 μm. 
